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INTRODUCTION 

The Fischer-Tropsch Synthesis may be viewed as a simple polymerization reaction, the 
monomer being CO or a C, species derived from it. Schulz (1.2) derived an equation for the 
distribution of molecular weights of polymers obtained by a free radical polymerization process, 
that is, through a one-by-one addition of monomer to a growing chain. The Schulz distribution 
function is applicable generally if there is a constant probability of chain growth, a, and a e 1; 
the latter requirement applies when some reaction limits the chain growth. The probability for 
chain growth, a,  is defined as: 

a = rp/(rp + Zr,) [I1 

where rp is the rate of chain propagation and rt is the rate of chain transfer or chain termination. 
The probability of the chain growth step !o take place P times without termination is 

Pp = a ,  a2 a j . . . ap  = ap 121 

The number of molecules per degree of polymerization P, np, is proportional to the probability 
of their formation 

np = const ap 131 

The mass fraction mp is proportional to np as well as the molecular weight of the components 
of the fraction (MP = M,P, where M, is the molecular weight of the monomer) 

nap = A P a P  [41 

where A contains the constant M,. The mass fraction is defined so that 

Emp = 1 

The mass fraction is considered to be a continuous function so that 
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j I m p d P  = Ajo'PaPdP = 1 

and 

A = l / / - P a P d P  0 [71 

Solving the integral (a e 1, a" = 0) and combining equations [4] and [7] leads to 

mp = (h2a)PaP 

Rearranging gives the more familiar form 

log(mp/P) = log(h*a) + flog a ) P  [91 

Thus, a plot of log (mJP) versus P should result in a straight line. 

Flory published a number of theoretical distribution functions for this and other types of 
macromolecular formation (e.g.. reference 3). Thus, polymer scientists usually designate 
distributions as represented by [9] as conforming to a Schulz-Flory distribution. 

Similar equations were derived, apparently independently, by catalysis scientists (4-6). Anderson 
continued his efforts to develop chain growth mechanisms and to account for the products 
formed by chain branching (7). Many catalysis scientists therefore recognize Anderson's 
contributions to the Fischer-Tropsch Synthesis by designating equation [9], and plots based 
upon it, as an Anderson-Schulz-Flory (ASF) equation or plot, and we shall follow this practice. 

Anderson (8) summarized product distribution results up to about 1954. Included in this review 
were the results of the Schwarzheide tests using catalysts from Lurgi, Brabag, K.W.I., I.G. 
Farben, Ruhr Chemie, and Rheinpreussen as well as tests at the larger U.S. pilot plants, and 
Standard Oil Co. of New Jersey (figure 1). These results included operations with iron catalysts 
both in fixed and fluidized reactors. The results in figure 1 clearly indicate that a single a value 
does not adequately describe the data. Up to carbon number 9 to 11 the data fit one alpha 
value for equation [9] very well; however, a second a value is needed to describe those 
products higher than carbon number 9 to 11. These early workers did not have the benefit of 
gas chromatography to analyze the higher molecular weight products. Thus, while Anderson 
noted the need for two or more alpha values to describe the products from FTS using iron 
catalysts, it received little attention. Furthermore, FTS products from a cobalt catalyst were 
adequately described with a single alpha value. 

Madon and Taylor (9) conducted extensive tests with a precipitated, alkali-promoted iron-copper 
catalyst. They reported a product distribution for the condensed products from FTS using a 
plug flow reactor that exhibited a two-alpha plot (figure 2) but the break occurred at a higher 
carbon number than those in figure 1. Madon and Taylor (9) noted that Anderson and 
coworkers (10) had obtained such a plot but with the break occurring at a lower carbon number. 
Madon and Taylor noted that Hall &I. (1 1) had suggested that in addition to stepwise growth 
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with a single carbon intermediate, multiple build-in of growing chains could occur and that this 
could affect the growth rate of heavy hydrocarbons. Madon and Taylor, after considering this 
explanation, suggested instead that chain growth takes place on at least two types of sites, each 
having a slightly different chain growth probability a. 

NovakH A. (12) considered the impact of readsorption of a-olefins upon the products from a 
continuous stirred tank reactor (CSTR) and a plug flow reactor (PFR). They also considered that 
a-olefins could only initiate chain growth. or that they can also isomerize to internal olefins as 
well as be hydrogenated. For the CSTR, these authors concluded that, even with such 
secondary reactions, the products still exhibit an ASF plot. For the PFR, the products deviate 
from an ASF plot when a-olefins can undergo 3 chain initiation. If, however, as is the case 
in a more realistic situation, the a-olefin also undergoes hydrogenation and isomerization in 
addition to chain initiation, the distribution rapidly becomes similar to an ASF distribution. Finally, 
these authors considered the case where the chain growth parameter was allowed to vary along 
the length of a PFR by forcing the C, surface concentration to vary and found, in this case also, 
that the distribution is quite close to a Flory distribution. 

Sattertield and Huff (1 3) initially concluded that the products for a doubly promoted catalyst (C- 
73, United Catalysts, Inc.) in a CSTR yielded a precise linear relationship between the log of the 
mole fraction of the products and the carbon number as predicted by an ASF distribution 
provided all products, including oxygenate species, were included. The linear relationship held 
over four orders of magnitude of the moles of products and for carbon numbers from 1 to about 
20 over a wide range of gas compositions. The chain growth probability factor, a, increased 
slightly from 0.67 at 269OC to 0.71 at 234OC. 

Huff and Satterfield (14), after re-examination of their previous data and a consideration of new 
experimental data on three different iron catalysts, reported that in some cases, the ASF 
distribution plot can only be well represented by two straight lines with a marked break 
occurring at about C,@ However, when the products are considered on the basis of compound 
classes, the situation shown in figure 1 is an oversimplification. As shown in figure 3, Huff and 
Satterfield found that only the paraffins deviate from the ASF plot; oxygenates and alkenes 
appear to follow a single ASF plot with a 0.55. 

Egiebor &I. (15) also reported that the break in the ASF plot was due to the alkanes. These 
authors showed that a-olefins and cis- and trans-fl-olefins all show straight line plots with 
different slopes. They concluded that all these compounds are primary products. The fact that 
only paraffins show a break in the ASF slope proves that paraffins are not secondary products 
derived from a-olefins. These authors advanced the view that growth of linear chains proceed 
at the same rate (a) for all species and that it is the termination event which is species specific. 
The break in the paraffin ASF plot is therefore caused by a sharp change in the rate of 
termination at about C,* Since a number of investigators have found that the carbon number 
where the break occurs is about the same and since the break is observed with a variety of 
catalysts, they state that it may be that the phenomenon is governed by the nature of the C,, 
molecule as well as the catalyst. 

Gaube and coworkers (16,17) also observed a two a plot. For an iron catalyst the C, - C, 
products exhibit a linear ASF plot that only required a single a value (figure 4). However, when 
the catalyst contained alkali (added as K.$OJ, the ASF plot needed two a values to adequately 
describe the data. However, others have found the need for two alpha values for catalysts that 
do not contain potassium or other alkali metals (e.g., 18-21). 
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Donnelly @ 4. (22) extended the chain growth theory to include two growth probabilities; thus, 
rather than equation [4] one should write 

nap = APaP + BPaP [lo1 

The contribution of each growing chain will be equal at the break point. They offer this as an 
improved equation for analyzing FTS product distributions, and show that this equation 
adequately described their data. 

Dictor and Bell (18) found a two-alpha plot for both reduced and unreduced iron oxide catalysts. 
Furthermore, these authors found that the ASF plot for n-aldehydes yielded a two-alpha plot just 
as was the case for the hydrocarbon products. Furthermore. the break for the aldehydes was 
at the same carbon number as the hydrocarbons, provided the aldehyde ASF plot was based 
upon n-1 rather than E, as was used for the hydrocarbons (figure 5). This was taken to support 
the view that aldehydes are formed by CO insertion into a growing surface alkyl group and 
subsequent reductive elimination of the acyl group (23,24); hydrocarbons on the other hand are 
believed to be formed in a termination step that occurs by elimination of a hydrogen from an 
alkyl group. Since the break occurs at n for hydrocarbons and n + 1 for the aldehydes, it 
appears that the oxygenate and hydrocarbon products are derived from a common surface 
species. 

Donnelly and Satterfield (20) utilized a Ruhrchemie catalysts in a CSTR and found that both the 
n-alkanes and 1-alkenes fii a two-alpha ASF plot (figure 5) whereas earlier work from that 
laboratory (14) showed that only n-alkanes deviated from ASF. In contrast to Dictor and Bell 
(lo), Donnelly and Satterfield (20) found that oxygenates followed a single alpha plot even 
though they now find, in contrast to earlier results, that both n-alkanes and 1-alkenes deviate 
from ASF. These data serve to illustrate the difficulty in deciding the one or two-alpha plot 
question. 

Stenger (25) showed that the two site ASF equation used by Huff and Satterfield was equivalent 
to one based on a distributed-site model in its ability to fit the molecular weight product 
distribution from an iron catalyst promoted with potassium. In the promoted catalyst, a 
distribution of sites proportional to the concentration of potassium relative to iron is utilized. In 
his model, Stenger assumed a normal distribution of K on the surface and postulated an 
exponential dependence of alpha on the random distribution variable, X, that is proportional to 
the potassium distribution. 

lnoui et 4. (26) introduced a single criterion to differentiate between the two-site model (20) and 
a distributed site model (25). However, for typical values of a, and a2 for iron catalysts (" 0.6 
and 0.8, respectively) the fit to the ASF plot should make it difficult to distinguish the two models, 
even using the approach suggested by lnoui 

Kikuchi and ltoh (27) utilized an iron catalyst based upon uitrafine particles loaded with 1% K 
and found a break in the ASF plot at C,w The data fit the model based upon two kinds of sites, 
A and B, with A exhibiting the lower and B exhibiting the higher growth probability. The fit of the 
experimental data and the calculated curve was satisfactory (figure 6). 

lglesia et 4. (28) reported that olefins readsorb and initiate surface chains that are 
indistinguishable from those formed directly from CO/H,. Diffusion enhanced olefin readsorption 
leads to an increase in chain growth probability, a, and in paraffin content with increasing pore 
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and bed residence time. Deviations from conventional (ASF) polymerization kinetics were 
quantitatively described by transport effects on the residence time of intermediate olefins within 
the liquid-filled catalyst pores without requiring the presence of several types of chain growth 
sites. The results reported for this study were obtained with a Ru catalyst, and not an iron 
catalyst. 

Not all of the earlier studies require two or more a values to describe the distribution of products 
from FTS with iron catalysts. Three examples of this will be noted. Zwart and Vink (29) report 
that the product from zeolite supported iron catalysts derived from iron carbonyl complexes 
produced a product distribution in the C, range which obeyed ASF statistics in all cases. 
Eilers a 4. (30) report that in a few hundred independent FTS experiments with various catalyst 
formulations under different operating conditions it was confirmed that the carbon number 
distribution were in close agreement with the ASF kinetics (figure 7).  However, neither of the two 
data sets for the iron catalysts cover the total range of carbon numbers where the break in the 
ASF plot is observed. Cannella (31) reported a linear ASF plot that only required one alpha 
value to fit the C,, products for an unsupported iron catalyst but that a two-alpha plot was 
required for the K-promoted catalyst. Linear ASF plots were alwayS obtained for the C3+ 
products produced over each of the supported iron catalysts. 

Tau 4. (32) found that a doubly promoted C-73 catalyst incorporated I4C labeled 1 -pentanol, 
added to the CO/H, feed, into higher carbon number products. They found that product 
accumulation in the CSTR was not adequate to explain the deviation from a constant 14C 
activily/mole with increasing carbon number for higher carbon number alkane products. 

C labeled ethanol served only as a chain initiator; this is demonstrated by the constant I4C 
activity/mole for the C, through C, products (figure 8). The constant activity of C, and C, that 
is equal to ethanol indicates that only one C, species derived from ethanol was incorporated into 
these products. These results are in agreement with the earlier data obtained by Emmett and 
coworkers (1 1, 33-37). 

However, the data in figure 9 clearly indicate that the C,, - C,, paraffins exhibit a different l4C 
activity pattern with increasing carbon number than those in the C, - C, range. The higher 
carbon number products are diluted by the products accumulated in the reactor prior to the 
addition of 14C labeled I-pentanol. Analysis of the wax withdrawn from the reactor prior to the 
addition of the 14C tracer provided data to calculate the impact of these products in diluting the 
14C content of higher carbon number products. Dilution did provide a minor contribution to the 
negative slope of the ASF plot in figure 9; however, the points corrected for accumulation (+) 
provided only a modest correction toward that exhibited by the lower carbon number products 
where 14C/mole was constant with increasing carbon number (figure 8). Hence, the effect of 
accumulation alone cannot account for the experimental data. 

Another explanation for the deviation from the ASF plot is that hydrogenolysis of higher carbon 
number compounds produce more lower carbon number hydrocarbon products than can be 
accounted for by ASF. Using the same (2-73 catalyst, Huang 4. (38) used octacosane, 
labeled at the carbon-14 position of the chain, to show that a detectable amount of 
hydrogenolysis did not occur even after one week of operation at !he same conditions as was 
used b y  Tau a 4. (32). Thus, hydrogenolysis is eliminated as an explanation for the two-alpha 
ASF plot for a promoted iron catalyst. 

Tau et a. (32) concluded that the two alpha values in figure 1 correspond to different product 
groupings. For the smaller alpha (about 0.62) the typical Fischer-Tropsch products are formed 
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(alkanes, alkenes, oxygenates, etc.). However, for the larger alpha (about 0.82) the only 
significant product obtained corresponds to alkanes. The data in figure 10, after first correcting 
for accumulation and then for the two different product groups, show a constant '*C/mole, 
causing the conclusion based upon the higher carbon alkane products to be consistent with the 
one based on the lower alkane products. 

In conclusion, it is evident that many groups using a variety of iron catalysts have found that two 
or more alpha values are needed ASF kinetics are to account for the FTS products. The 
summary of the two-alpha values (39) for eight studies emphasize this conclusion. It is possible 
for deficiencies in the analytical determinations or loss of certain carbon number ranges during 
sampling or testing could cause the break in the ASF plot. However, this is not possible for the 
14C studies since the conclusion is based upon the 14C/mole rather than the total number of 
moles. Recent data using ''C-ethanol (40) and analysis of a wider carbon number range than 
in reference 32 provide additional support for the results reported by Tau &t 4. Furthermore, 
similar results are obtained for the addition of "C labeled C,, C,. C,, C, and C,, alcohols and 
C,, C, and C,, alkenes (41,42). With emphasis on the 14C tracer studies, we conclude that it 
is likely that at least two chains are growing independently, and that these independent chains 
lead to different groups of products. These in turn require at least two-alpha values for the ASF 
to adequately describe the FTS data. 
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Figure 1. Anderson-Scliulz-Flow (ASF) plots for the products from Schwarzheide for catalysts 
for four sources and Standard Oil Company of New Jersey (reproduced from ref. 
(81, P. 208). 

Plot of In WJn versus carbon number n. Open points, unsulfided catalysts; solid 
points, sulfided catalyst (reproduced from ref. (9)). 

Figure 2. 

CARBON NUMBER 

Figure 3. Flory distribution of MnO/Fe catalyst; 283OC, 1.24 MPa, (HJCO), = 1.19 
(reproduced from ref. (14)). 
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Figure 4. Product distribution from FTS using an iron (top) and potassium promoted iron 
catalyst (bottom) (redrawn from ref. (16)). 
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(left) Component Schulz-Flory diagram for overhead products. Ruhrchemie 
Catalyst MPa, 0.034 Nl/min/gc,, (HJCO)!,,, = 0.7, 600 hours-on-stream 
(reproduced from ref. (20)). (right) Distribution of hydrocarbons and aldehydes 
from a common effluent sample. Each point for hydrocarbons represents the sum 
of 1 -olefin plus n-paraffin; only straight-chain aldehydes are measured (reproduced 
from ref. (18)). 

5 10 15 20 25 
Carbon number 

Flory plot of hydrocarbon products over potassium-promoted Fe UFP (ultrafine 
particle) catalyst. Reaction conditions: temperature, 220°C; pressure, 30 atm; 
H$CO, 1 mol/mol; W/F, 300 g-cat.min/CO-mol. Potassium addition: 1 wt.% of 
catalyst. Solid line represents the simulated distribution based on two-site ASF 
equation (reproduced from ref. (21)). 
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Figure 8. Relative 14C/mole in gaseous products from the synthesis (7 atm, HJCO = 1.2, 
262OC) with 3-volume % (based on alcohol and CO) ['4C-l]-ethanol was added 
during a 24 hour period (redrawn from ref. (32)). 
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Figure 9. Composite figure showing relative radioactivity for the lower carbon number 
compounds (e); the measured values for the higher carbon number compounds 
(+), and the values for the higher carbon number compounds (m) after correcting 
for reactor accumulation effects (redrawn from (41)). 

Figure 10. Radioactivity of the: alkane products (e); experimental data corrected for 
accumulation using data shown in Table I (m), and experimental data corrected for 
both accumulation and the two alpha mechanism (see text for details) (+) (redrawn 
from ref. (41)). 
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